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Description
FIELD
[0001] The present disclosure relates to data caching.

DESCRIPTION OF THE RELATED ART

[0002] A computing device may include multiple sub-
systems that communicate with one another via buses or
other interconnects. Such a computing device may be,
for example, a portable computing device ("PCD"), such
as a laptop or palmtop computer, a cellular telephone or
smartphone, portable digital assistant, portable game
console, etc. The communicating subsystems may be
included within the same integrated circuit chip or in
different chips. A "system-on-a-chip" or "SoC" is an ex-
ample of one such chip that integrates numerous com-
ponents to provide system-level functionality. For exam-
ple, an SoC may include one or more types of processors,
such as central processing units ("CPU"s), graphics pro-
cessing units ("GPU"s), digital signal processors
("DSP"s), and neural processing units ("NPU"s). An
SoC may include other subsystems, such as a transcei-
ver or "modem" that provides wireless connectivity, a
main or system memory, one or more cache memories,
etc. Some subsystems may include processing engines
that may perform memory transactions with the system
memory. The system memory in PCDs and other com-
puting devices commonly comprises dynamic random
access memory ("DRAM").

[0003] DRAM is organized in arrays of rows and col-
umns. A row must be opened before its data can be
accessed. Only one row in an array may be open at
any time. To help reduce latency, a DRAM may be orga-
nized in multiple banks, each comprising an array of the
aforementioned type. A DRAM controller may initiate
access to one bank while waiting for a previous access
to another bank to complete. To provide further perfor-
mance advantages, the banks may be organized in multi-
ple bank groups. In addition, a DRAM may be organized
in multiple ranks, each having multiple bank groups.
[0004] One task of the DRAM controller is to schedule
or direct transactions among the ranks, bank groups and
banks. The term "DRAM-aware" scheduling is some-
times used to describe how a DRAM controller may
perform such scheduling in a manner that leverages
the efficiencies afforded by the organization of the
DRAM. For example, a DRAM controller may randomize
its selection of a bank to access so that there is a low
likelihood of sequential accesses being directed to dif-
ferent rows of the same bank. Also, for example, a DRAM
controller may direct as many accesses as possible to
one rank before switching to another rank because
switching ranks incurs a high latency penalty.

[0005] A cache memory system may be interposed in
the memory transaction path between the processing
engine requesting the transaction and the DRAM con-

]

10

15

20

25

30

35

40

45

50

55

troller. As the cache memory fills or becomes "dirty," the
cache memory controller writes back or "evicts" some of
the dirty cache lines to the DRAM to free up space in the
cache memory. The DRAM-aware scheduling techni-
ques employed by the DRAM controller may be insuffi-
cient to maximize efficiency in some circumstances.
[0006] Attention is drawn to document US
2013/124802 A1 which relates to a method for cleaning
dirty data in an intermediate cache. A dirty data notifica-
tion, including a memory address and a data class, is
transmitted by a level 2 (L2) cache to frame buffer logic
when dirty data is stored in the L2 cache. The data
classes may include evict first, evict normal and evict
last. In one embodiment, data belonging to the evict first
data class is raster operations data with little reuse po-
tential. The frame buffer logic uses a notification sorter to
organize dirty data notifications, where an entry in the
notification sorter stores the DRAM bank page number, a
first count of cache lines that have resident dirty data and
a second count of cache lines that have resident
evict_first dirty data associated with that DRAM bank.
The frame buffer logic transmits dirty data associated
with an entry when the first count reaches a threshold.
[0007] Attention is also drawn to document US
2018/018133 A1 which relates to an apparatus including
a memory controller. The memory controller includes a
command queue and an arbiter. The command queue
receives and stores memory access requests. The arbi-
ter picks the memory access requests from the command
queue based on a plurality of criteria, and provides picked
memory access requests to a memory channel. The
arbiter includes a streak counter for counting a number
of consecutive memory access requests of a first type
thatthe arbiter picks from the command queue. When the
streak counter reaches a threshold, the arbiter suspends
picking requests of the first type and picks at least one
memory access request of a second type. The arbiter
provides the at least one memory access request of the
second type to the memory channel.

[0008] Finally, attention is drawn to document US
2013/297906 A1 which relates to a memory controller
which includes a batch unit, a batch scheduler, and a
memory command scheduler. The batch unit includes a
plurality of source queues for receiving memory requests
from a plurality of sources. Each source is associated
with a selected one of the source queues. The batch unit
is operable to generate batches of memory requests in
the source queues. The batch scheduler is operable to
select a batch from one of the source queues. The
memory command scheduler is operable to receive the
selected batch from the batch scheduler and issue the
memory requests in the selected batch to a memory
interfacing with the memory controller.

SUMMARY OF THE DISCLOSURE

[0009] The invention is defined by the appended in-
dependent claims. Further embodiments of the invention
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are defined by the appended dependent claims. Sys-
tems, methods, computer-readable media, and other
examples are disclosed for controlling data caching in
a DRAM-aware manner.

[0010] An exemplary system for controlling data cach-
ing may include a plurality of data storage structures
collectively having an organization corresponding to a
structural organization of a DRAM. The exemplary sys-
tem may further include a cache controller system. The
cache controller system may be configured to receive a
plurality of transaction requests. The cache controller
system may further be configured to store data asso-
ciated with the transaction requests in one or more data
storage structures selected from among the plurality of
data storage structures based on a memory address
associated with each transaction request. The cache
controller system may also be configured to control data
transfer to the DRAM using the plurality of data storage
structures.

[0011] Anexemplary method for controlling data cach-
ing may include receiving a plurality of transaction re-
quests. The exemplary method may further include stor-
ing data associated with the transaction requests in one
or more data storage structures selected from among the
plurality of data storage structures based on a memory
address associated with each transaction request. The
exemplary method may also include controlling data
transfer to a DRAM using the plurality of data storage
structures. The plurality of data storage structures may
collectively have an organization corresponding to a
structural organization of the DRAM.

[0012] Another exemplary system for controlling data
caching may include means for receiving a plurality of
transaction requests. The exemplary system may further
include means for storing data associated with the trans-
action requests in one or more data storage structures
selected from among the plurality of data storage struc-
tures based on a memory address associated with each
transaction request. The exemplary system may also
include means for controlling data transfer to a DRAM
using the plurality of data storage structures. The plurality
of data storage structures may collectively have an or-
ganization corresponding to a structural organization of
the DRAM.

[0013] An exemplary computer-readable medium for
controlling data caching may include a non-transitory
computer-readable medium having instructions stored
thereon in computer-executable form. The instructions,
when executed by a processor, may configure the pro-
cessor to receive a plurality of transaction requests. The
instructions may further configure the processor to store
data associated with the transaction requests in one or
more data storage structures selected from among the
plurality of data storage structures based on a memory
address associated with each transaction request. The
instructions may also configure the processor to control
data transfer to a DRAM using the plurality of data sto-
rage structures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] In the Figures, like reference numerals refer to
like parts throughout the various views unless otherwise
indicated. For reference numerals with letter character
designations such as "102A" or "102B", the letter char-
acter designations may differentiate two like parts or
elements present in the same Figure. Letter character
designations for reference numerals may be omitted
when it is intended that a reference numeral to encom-
pass all parts having the same reference numeral in all
Figures.

FIG. 1 is a block diagram illustrating a system for
controlling data caching in a DRAM-aware manner,
in accordance with exemplary embodiments.

FIG. 2 is a block diagram of a memory system
including a system for controlling data caching in a
DRAM-aware manner, in accordance with exemp-
lary embodiments.

FIG. 3 is a block diagram of a system for controlling
data caching in a DRAM-aware manner, in accor-
dance with exemplary embodiments.

FIG. 4 is a block diagram of data structures and
selection logic configured for controlling eviction of
cached data to a DRAM, in accordance with exemp-
lary embodiments.

FIG. 5 is a flow diagram of a method for controlling
aspects of data caching associated with DRAM write
transaction requests, in accordance with exemplary
embodiments.

FIG. 6 is a data structure diagram illustrating linked
lists configured to store cache address information
and page hit bits, in accordance with exemplary
embodiments.

FIG. 7 is a block diagram of the tag processor of FIG.
3, in accordance with exemplary embodiments.
FIG. 8 is a flow diagram of a method for adjusting
cache hints in a transaction request, in accordance
with exemplary embodiments.

FIG. 9Ais a flow diagram of a method for allocating a
cache line based on a write request and storing
associated information in selected linked list queues,
in accordance with exemplary embodiments.

FIG. 9B is a continuation of the flow diagram of FIG.
9A.

FIG. 10 is a flow diagram of a method for searching
fora victim cache line for replacement, in accordance
with exemplary embodiments.

FIG. 11 is a flow diagram of a method for selecting a
linked list queue from among a group of linked list
queues, in accordance with exemplary embodi-
ments.

FIG. 12 is a flow diagram of a method for selecting
between two groups of linked list queues corre-
sponding to two DRAM ranks, in accordance with
exemplary embodiments.

FIG. 13 is a flow diagram of a method for activating
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and deactivating the eviction of cached data to main-
tain cache dirtiness within a window, using the linked
list queues, in accordance with exemplary embodi-
ments.

FIG. 14 is a flow diagram of a method for controlling
aspects of data caching associated with DRAM
transaction requests, in accordance with exemplary
embodiments.

FIG. 15 is a block diagram of a portable computing
device or PCD, in accordance with exemplary em-
bodiments.

DETAILED DESCRIPTION

[0015] The word "exemplary" is used herein to mean
"serving as an example, instance, or illustration." The
word "illustrative" may be used herein synonymously with
"exemplary." Any aspect described herein as "exemp-
lary" is not necessarily to be construed as preferred or
advantageous over other aspects.

[0016] As illustrated in FIG. 1, a system 100 for con-
trolling aspects of data caching may be provided. The
system 100 may be configured for controlling aspects of
caching data relating to memory transactions between a
client device (not shown) and a DRAM (not shown).
Although in the exemplary embodiments described here-
in write transactions serve as examples of memory trans-
actions, aspects of the systems, methods and other
embodiments described herein may also be applicable
to other types of transactions. The system 100 may
include a plurality of data storage structures 102. The
plurality of data storage structures 102 may collectively
have an organization corresponding to an organization of
the DRAM. For example, as described below, a DRAM
may be organized in banks, bank groups, ranks, etc. The
plurality of data storage structures 102 may have an
organization corresponding to one or more of: a bank
organization of the DRAM, a bank group organization of
the DRAM, a rank organization of the DRAM, etc.
[0017] The system 100 may further include a cache
controller system 104. The cache controller system 104
may be configured to receive DRAM transaction requests
from one or more client devices (not shown). A client
device may be of any type capable of initiating bus
transactions, such as, for example, a CPU or other pro-
cessor. Transaction requests may include read transac-
tion requests and write transaction requests (which may
also be referred to herein for brevity as read requests and
write requests). The arrowsin FIG. 1 indicate logical flows
relating to transactions, and more specifically, indicate
logical flows relating to the request-related aspects of
transactions; response-related aspects, such as aspects
relating to the return flow of data in response to arequest,
are not indicated by the arrows in FIG. 1 for purposes of
clarity. It should also be understood that the arrows in
FIG. 1 indicate logical flows in a conceptual manner, and
are not intended to indicate specific physical intercon-
nections, such as specific signal lines, buses, etc.
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Further, references in this disclosure to an "indication"
may be broadly interpreted to include any type or combi-
nation of signals, bits, commands, instructions, etc.
[0018] A transaction request may include a target
memory (i.e., DRAM)address and may also include other
information as described below. The cache controller
system 104 may further be configured to store data
associated with the transaction request in a selected
one of the data storage structures 102. The data storage
structure 102 in which the data is stored may be selected
from among the data storage structures 102 based on,
among other information, the target memory address
associated with the transaction request. For example,
in the case of a write request, the information or data
stored in the selected data structure 102 may be a form of
cache address. As described below, such a cache ad-
dress may indicate a location in a payload cache (not
shownin FIG. 1) in which the data thatis the subject of the
write request is cached.

[0019] The cache controller system 104 may further be
configured to control a transfer of data to the DRAM using
the data storage structures 102. For example, as de-
scribed below, data that is stored in the data storage
structures 102 may be used to indicate locations or
addresses of cached data to evict to the DRAM. The
cache controller system 104 may be configured to control
the transfer of data by selecting among the data storage
structures 102 based on a sequence. The sequence may
be based on, for example, a round-robin selection among
the data storage structures 102. The sequence may be
based on, for example, selecting between a first subset of
the data storage structures 102 associated with a first
rank of the DRAM and a second subset of the data
storage structures 102 associated with a second rank
of the DRAM. The sequence may be based on, for ex-
ample, whether entries in the data storage structures
indicate DRAM page hits. These aspects relating to
selecting among the data storage structures 102 are
further described below.

[0020] As illustrated in FIG. 2, a system 200 may in-
clude a client device 202 (i.e., a processor or other
processing engine), a cache system 204, a memory
controller 206, and a DRAM 208. The client device 202
may issue DRAM transaction requests that may include
read requests, i.e., requests to read data from the DRAM
208, and write requests, i.e., requests to store data in the
DRAM 208. The DRAM transaction requests may also be
referred to as requests to access the DRAM 208. Each
DRAM transaction request may include a target address
in the DRAM 208, a size or amount of data to be ac-
cessed, and other information. A write request also in-
cludes the data, which may be referred to as a payload,
that the memory controller 206 is to store in the DRAM
208 in response to the write request.

[0021] The cache system 204 may include the features
and operate in the manner of the above-described sys-
tem 100 (FIG. 1). The cache system 204 may also include
conventional features. For example, in some respects
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the cache system 204 may operate in the manner of a
conventional write-back cache, which is well understood
be one of ordinary skill in the art. For example, the cache
system 204 may temporarily store or "cache" data re-
quested to be written to the DRAM 208 responsive to a
write request or data that has been read from the DRAM
208 responsive to a read request. As understood by one
of ordinary skill in the art, data that has been stored in the
cache system 204 but not yet written to the DRAM 208 is
commonly referred to as "dirty" data. Conventionally, dirty
data is periodically written to the DRAM 208, a process
commonly referred to as eviction or cleaning. The evic-
tion-related methods described herein may be included
instead of, or in addition to, conventional eviction meth-
ods. Cleaning a cache also may be referred to colloquially
as "scrubbing." Although not separately shown for pur-
poses of clarity, the cache system 204 may include one or
more processors (configurable by software or firmware)
or other logic configurable to operate in the manner
described herein, including in accordance with the meth-
ods described below.

[0022] The memory controller 206 may have a con-
ventional structure and operate in a conventional man-
ner. For example, the memory controller 206 may, among
other functions, translate the transaction requests into
DRAM commands and physical DRAM addresses. As
the memory controller 206 and the manner in which it
operates are well understood by one of ordinary skill in
the art, such aspects of the memory controller 206 are not
described herein.

[0023] The DRAM 208 may have a conventional struc-
ture and operate in a conventional manner. The DRAM
208 may be of any type not inconsistent with the descrip-
tions herein. For example, the DRAM 208 may be a
double data rate synchronous DRAM ("DDR-SDRAM"),
sometimes referred to for brevity as "DDR." As DDR
technology has evolved, DDR versions such as fourth
generation low-power DDR ("LPDDR4") and fifth gen-
eration low-power DDR ("LPDDR5") have been devel-
oped. The DRAM 208 may be, for example, LPDDRA4,
LPDDR4X, LPDDRS5, LPDDRS5X, etc. Although the struc-
ture and operation of the DRAM 208 are well understood
by one of ordinary skill in the art, the following brief
description is provided as background.

[0024] The DRAM 208 may comprise two ranks 210,
which may be referred to as Rank_0 and Rank_1. As the
two ranks 210 are identical to each other, the following
description applies to each rank 210. The rank 210
comprises two or more ("M") banks 212, which may be
referred to as Bank_0 through Bank_M-1. Each bank 212
is organized as a two-dimensional array 213 of cells or
storage locations, where the storage locations in the
array 213 are accessed by selecting rows and columns.
An exemplary row and an exemplary column are high-
lighted in cross-hatchin FIG. 2 for purposes of illustration.
Also, although not illustrated in FIG. 2 for purposes of
clarity, the DRAM 208 may further be organized in bank
groups. For example, each rank 210 may consist of four
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bank groups (not shown), and each of those bank groups
may consist of four banks. In such an embodiment the
DRAM 208 therefore consists of 32 distinct (i.e., indivi-
dually addressable) banks 212. Although in the exemp-
lary embodiment described herein the DRAM 208 has
tworanks 210, each having four bank groups, and each of
the four bank groups has four banks 212, in other embo-
diments such a DRAM may be organized in any other
way, including more or fewer ranks, banks, bank groups,
etc., than in the exemplary embodiment.

[0025] The physical addresses by which the memory
controller 206 accesses the DRAM 208 may include row
addresses, column addresses, bank group addresses,
and bank addresses. Also, although not shown for pur-
poses of clarity, in response to arank address (e.g., a chip
selectbitincluded in the read or write command) provided
by the memory controller 206, rank address decoding
logic may select one of the ranks 210. Although likewise
not shown for purposes of clarity, in response to a bank
address provided by the memory controller 206, bank
address decoding logic may select one of the banks 212
in a selected bank group of a selected rank 210. In
response to a row address provided by the memory
controller 206, a row address decoder 214 may select
one of the rows in a selected bank 212 of a selected bank
group in a selected rank 210. Similarly, in response to a
column address provided by the memory controller 206,
a column address decoder 216 may select one of the
columns in a selected bank 212 of a selected bank group
in a selected rank 210.

[0026] Each rank 210 may have a read latch 218 to
buffer the read data, and a write latch 220 to buffer the
write data. Each rank 210 may also have input/output
("I/O") logic 222 configured to direct the read and write
data from and to selected memory locations.

[0027] Each bank 212 may have a row buffer 224. The
row buffer 224 stores the contents of the selected row
(also referred to as a "page"). A row must be selected or
"opened" before it may be written to or read from. Once a
row is opened, the DRAM 208 may read from or write to
any number of columns in the row buffer 224 in response
to read or write commands. Following a read or write
command, the data is transferred serially between the
memory controller 206 and DRAM 208 in units known as
a "burst," which may be, for example, eight bits per data
signal line. The row must be restored or "closed" after
writing to or reading from the row buffer 224.

[0028] A read or write transaction to a row that is
already open is referred to as a "page hit." A read or
write transaction to a row that is not open (and therefore
needs to be opened) is referred to as a "page miss." A
page miss incurs greater latency than a page hit. Per-
forming a number of sequential transactions to the same
openrow (i.e., sequential page hits) rather than having to
close one row and open another row is desirable, as it
reduces latency. Also, sequential transactions directed to
the same bank incur more latency than sequential trans-
actions to different banks. The structure or organization
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of the DRAM 208 in bank groups and banks enables the
DRAM controller 206 to initiate access to a row in one
bank while waiting for a previous access to a row in
another bank to complete. Such timing overlap helps
minimize transaction latency. The DRAM controller 206
may employ a conventional bank hashing algorithm to
help randomize its selection of a bank to access so that
there is a low likelihood of sequential accesses being
directed to the same bank. This randomization effect is
commonly referred to as increasing bank and/or bank
group "spread." The DRAM controller 206 may employ
other algorithms to attempt to reduce other sources of
latency, such as read-to-write switching, write-to-read
switching, or rank-to-rank switching. The cache system
204 may include features, described below, which may
further increase bank spread, increase page hit rate, and
decrease read-to-write, write-to-read, or rank-to-rank
switching, with a goal of further reducing latency.
[0029] As illustrated in FIG. 3, a system 300 for con-
trolling aspects of data caching may be provided. The
system 300 may be an example of the above-described
system 100 (FIG. 1). The system 300 may be configured
toreceive transaction ("txn") requests from a clientdevice
(not shown in FIG. 3) that are directed to a DRAM (not
shown in FIG. 3), in the manner described above with
regard to FIGs. 1-2. The system 300 may include a
scrubber 302. The scrubber 302 may include a plurality
ofqueues 304. The queues 304 may be an example of the
above-described data storage structures 102 (FIG. 1). As
further described below, the queues 304 may be orga-
nized in a manner corresponding to the organization of
the DRAM. For example, each queue 304 may corre-
spond to one bank of the DRAM.

[0030] The system 300 may further include a cache
data (or "payload") memory 306. The cache data memory
306 may be configured to store (i.e., to cache) data that is
the subject of DRAM transaction requests. Data stored in
the cache data memory 306 may be referred to as cached
data. Data may be stored in the cache data memory 306
in units commonly referred to as cache lines. The cache
data memory 306 may be organized as a set-associative
cache. Although a set-associative cache is well under-
stood by one of ordinary skill in the art, the following brief
description is provided as background.

[0031] A set-associative cache is addressable using
address portions commonly referred to as "set" and
"way." Conceptually, a set is a row in the cache. Each
DRAM address maps to one of the sets. An "N-way set-
associative cache" consists of some number (N) of ways,
and each DRAM address may map to (or select) any one
ofthe Nways in the set. Areference herein to lookingup a
tag means that the contents of all N ways are read (e.g.,
from the tag memory 310 described below), and the tag of
each way as well as the Valid flag of each way are
checked to determine whether a cache hit occurred in
one of the ways of the set. A hitin one of the ways means
that the data is cached in a location (e.g., in the cache
data memory 306) associated with that way. The cache
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data memory 306 may be implemented in static RAM
("SRAM").

[0032] The system 300 may also include a tag proces-
sor 308, which may be an example of the above-de-
scribed cache controller system 104 (FIG. 1) or portion
thereof. Although not shown in FIG. 3 for purposes of
clarity, the tag processor 308 may include a processor
(e.g., configurable by software or firmware) or other logic
(e.g., finite state machines, etc.) configurable to provide
the functionality described below. As further described
below, when the data that is the subject of a write request
is stored in the cache data memory 306 (at a cache
address) but has not yet been written to the DRAM,
i.e., the cached data is "dirty," the tag processor 308
may store the cache address of the dirty datain a selected
one of the queues 304. In other words, the queues 304
may be used to store the cache addresses (e.g., set and
way) of dirty cache lines. Areference to a cache line being
"registered" in the queues 304 means the cache address
in which the cached data is stored in the cache data
memory 306 is stored in the queues 304. The queue
304 in which that data (i.e., the cache address) is stored
may be selected based on, for example, which DRAM
bank corresponds to the target memory address asso-
ciated with the write request. Although in the exemplary
embodimentillustratedin FIG. 3 the queues 304 are used
by the tag processor 308 to store the cache addresses of
dirty cache lines, in other embodiments (not shown) such
queues may be used to store other types of information or
data associated with transaction requests.

[0033] Thesystem 300 may include atagmemory 310.
The tag memory 310 may be configured to store tags
associated with cached data. As understood by one of
ordinary skill in the art, a tag may be derived from a
portion of the target address in a memory transaction
request, and may be used to identify cached data. Each
tag stored in the tag memory 310 may identify one cache
line stored in the cache data memory 306. The tag
memory 310 may be implemented in SRAM. As addres-
sing a cache memory (e.g., by set and way), using stored
tags to identify cached data, and other such data caching
principles are well understood by one of ordinary skill in
the art, such aspects are not described in further detail
herein.

[0034] Thetag memory 310 may be configured to store
not only a tag itself but also information associated with
the tag. Such information may include one or more flags
associated with each tag that may indicate various states
ofthe cacheline identified by the tag. Forexample, a Valid
flag may indicate whether the cache line identified by the
tag is valid (i.e., the Valid flag is true) or invalid (i.e., the
Valid flag is false). A Dirty flag may indicate whether the
cache line identified by the tag is dirty (i.e., the Dirty flag is
true) or clean (i.e., the Dirty flag is false). A Cleanable flag
may indicate whether the cache line identified by the tag
is registered in the queues 304 (i.e., the Cleanable flag is
true) or is not registered in the queues 304 (i.e., the
Cleanable flagis false). A Stale flag may indicate whether
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the cache line identified by the tag is older than a pre-
determined threshold age (i.e., the Stale flag is true) or is
not older than the threshold age (i.e., the Stale flag is
false). Aspects relating to cache line age are described
below.

[0035] The system 300 may further include an arbiter
312, whichinthe illustrated embodiment may be included
in the scrubber 302. More generally, however, the arbiter
312 may be an example of a portion of the above-de-
scribed cache controller system 104 (FIG. 1) relating to
controlling the eviction of dirty cache lines to the DRAM.
As the arbiter 312 may include selection logic (not sepa-
rately shown) based on the DRAM'’s rank, bank group
and bank organization, the arbiter 312 may be referred to
as having "DDR-aware" characteristics. Although not
shown in FIG. 3 for purposes of clarity, the selection logic
of the arbiter 312 may include a processor (e.g., config-
urable by software or firmware) or other logic (e.g., finite
state machines, etc.) configurable in accordance with
selection algorithms or methods, such as the exemplary
methods described below. As further described below,
based on such selection methods, the arbiter 312 may
selectfrom among the queues 304. Selected queues 304
are used to control which dirty cache lines are evicted
from the cache data memory 306 to the DRAM. The
system 300 may include a cache traffic processor 314,
which, among other functions, may control the transfer of
the evicted cache lines from the cache data memory 306.
The result or output provided by the arbiter 312, identify-
ing a cache line to evict or clean, may be referred to as a
Clean transaction request. The tag processor 308 may
direct Clean transaction requests to the cache traffic
processor 314. A memory controller (e.g., as described
above with regard to FIG. 2) may receive the evicted
cache line data from the cache traffic processor 314 and
control the manner in which the data is ultimately written
to the DRAM.

[0036] The system 300 may also include a transaction
buffer 316 configured to receive and buffer (e.g., in a
transaction pool) incoming write requests from a client
device (notshownin FIG. 3). The system 300 may further
include an input arbiter 318 that is configured to select
from among any transactions that may be in the buffer
316 and any Clean transaction that may be provided by
the arbiter 312 and provide the selected transaction
request to the tag processor 308. The input arbiter 318
may base the selection upon factors that may include, for
example, a priority associated with each transaction, an
age associated with each transaction request (e.g., how
long a write transaction request has been in the transac-
tion buffer 316), or other factors.

[0037] An incoming transaction request received by
the system 300 may include not only a target address,
data, length, etc., but also additional information. The
additional information may include caching "hints." A
client may include a caching hint in a write request to
indicate, for example, whether the client prefers that the
transaction be cached (a "write allocate" hint) or prefers
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that the transaction be passed through the system 300
without caching (a "write no-allocate") hint. A transaction
request may also include an indication identifying a sub-
cache. Although not shown in FIG. 3 for purposes of
clarity, the system 300 may include multiple sub-caches,
and different sub-caches may correspond to different
priorities in which the transactions directed to one sub-
cache are processed relative to the transactions directed
to another sub-cache.

[0038] It should be noted that the arrows in FIG. 3
indicate flows relating to request-related aspects of write
transactions; response-related aspects, such as the re-
turn flow of data in response to a request, are not in-
dicated by the arrows in FIG. 3 for purposes of clarity.
Also, in addition to being configured to process write
requests in the manner described herein, the system
300 may be configured to process read requests. The
system 300 may be configured to process read requests
in any manner, including in a conventional manner. It
should also be understood that the arrows in FIG. 3
indicate information flow in a conceptual manner, and
are not intended to indicate specific physical intercon-
nections, such as specific signal lines, buses, etc.
[0039] Asillustratedin FIG. 4, a scrubber structure 402
includes linked list queues ("LLQs") 404 and selection
logic 406. The LLQs 404 may be examples of the queues
304 described above with regard to FIG. 3 and examples
of the data storage structures 102 described above with
regard FIG. 1. The LLQs 404 are, in the presentinvention,
organized in a manner corresponding to the rank, bank
group and bank organization of the DRAM (not shown).
Accordingly, in an embodiment in which the DRAM has
two ranks (Rank_0 and Rank_1), each consisting of four
bank groups (BG0, BG1, BG2 and BG3), each consisting
of four banks (totaling 32 banks), the LLQs 404 may be
organized as a first sub-group 404A of 16 LLQs 404
corresponding to the 16 banks of one of the ranks (e.g.
Rank_0) and a second sub-group 404B of 16 LLQs 404
corresponding to the 16 banks of the other rank (e.g.
Rank_1).

[0040] In each sub-group 404A and 404B, the LLQs
404 may be organized by bank and bank group. In
accordance with an exemplary pattern or organization,
the bank group may increment from one LLQ 404 to the
next, through each of the banks: a first LLQ 404 in each
sub-group 404A and 404B may correspond to Bank_0in
BG_0; a second LLQ 404 in each sub-group 404A and
404B may correspond to Bank_0 in BG_1; a third LLQ
404 in each sub-group 404A and 404B may correspond
to Bank_0 in BG_2; and a fourth LLQ 404 in each sub-
group 404A and 404B may correspond to Bank_0 in
BG_3. Continuing this pattern or organization with the
next bank (i.e., Bank_1): a fifth LLQ 404 in each sub-
group 404A and 404B may correspond to Bank_1 in
BG_0; a sixth LLQ 404 in each sub-group 404A and
404B may correspond to Bank_1 in BG_1; a seventh
LLQ 404 in each sub-group 404A and 404B may corre-
spond to Bank_1inBG_2, and an eighth LLQ 404 in each
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sub-group 404A and 404B may correspond to Bank_1in
BG_3. This pattern or organization may continue through
Bank_2andthen Bank_3. In accordance with this pattern
or organization, a 16th LLQ 404 corresponds to Bank_3
in BG3.

[0041] Each LLQ 404 is implemented as a linked list
(data structure). Although an exemplary linked list struc-
ture is described below, it may be noted that each entry in
each LLQ 404 identifies a dirty cache line. The head entry
in each LLQ 404 identifies a dirty cache line that may be a
candidate for cleaning (i.e., eviction) before the next entry
in that LLQ 404 becomes a candidate.

[0042] The selection logic 406 may be used to select a
cache line for cleaning from among the candidate dirty
cache lines. That s, the selection logic 406 may be used
to select one LLQ 404 from among the 32 LLQs 404 and
thereby select oridentify the dirty cache line atthe head of
that selected queue (LLQ) 404. It should be understood
that the selection logic 406 is depicted in a conceptual
manner in FIG. 4 and may comprise, for example, a
processor (e.g., configurable by software or firmware),
finite state machine, or other logic. The selection logic
406 may be included in the arbiter 312 described above
with regard to FIG. 3.

[0043] Conceptually, the selection logic 406 may com-
prise first queue selection logic 408A configured to select
an LLQ 404 from among the 16 LLQs 404 of the first sub-
group 404A corresponding to the banks of Rank_0, and
second queue selection logic 408B configured to select
an LLQ 404 from among the 16 LLQs 404 of the second
sub-group 404B corresponding to the banks of Rank_1.
Conceptually, the results produced by the first and sec-
ond queue selection logic 408A and 408B may operate
multiplexers or queue selectors 414A and 414B, respec-
tively. Each of first and second queue selection logic
408A and 408B may operate independently of the other
but in accordance with the same queue selection meth-
od, whichis described below. The selection logic 406 may
further conceptually include rank selection logic 410
configured to select between an LLQ 404 selected by
the first queue selection logic 408A and an LLQ 404
selected by the second queue selection logic 408B.
The rank selection logic 410 may operate in accordance
with a rank selection method described below. Concep-
tually, the results produced by the rank selection logic410
may operate a multiplexer or rank selector 416. The
output of the rank selector 416 identifies one selected
LLQ 404. Yet another method, described below, may
control whether the selection logic 406 outputs an indica-
tion of that one selected LLQ 404 (i.e., anindication thata
cache line has been identified for eviction) or does not
output a selection (i.e., an indication that no cache line
has been identified for eviction at that time). The method
of controlling whether the rank selector 416 outputs an
indication of a selected LLQ 404 (and thus an indication
identifying a cache line) may be referred to as a scrubber
enable or scrubber activation method. Selectively en-
abling the output of the rank selector 416 is conceptually
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represented in FIG. 4 by a 2-input logical-AND 412 hav-
ing one input representing an indication of a selected LLQ
404 and another input representing a controlling deter-
mination by the scrubber enable method.

[0044] Referring briefly again to FIG. 3, the output of
the selection logic 406 forms the scrubber output 320.
The scrubber output 320 is provided to the input arbiter
318. As described above, if a cache line has been identi-
fied for eviction, the input arbiter 318 may select to
proceed with evicting the identified cache line. If no cache
line has been identified for eviction at that time, the input
arbiter 318 may select an incoming transaction from the
transaction buffer 316. The input arbiter 318 may select
the clean request provided by the scrubber output 320 or
a transaction from the transaction buffer 316 according to
a priority. In one embodiment, the clean request provided
by the scrubber output 320 may have the lowest priority
and will be served only when no transactions are pending
in the transaction buffer 316. In another embodiment, the
priority of the clean request provided by the scrubber
output 320 may be dynamically changed according to the
fullness of the scrubber LLQ.

[0045] In FIG. 5, a method 500 for controlling data
caching is depicted in flow diagram form. The method
500 may, for example, represent aspects of the above-
described operation of the system 300 (FIG. 3). Although
the arrows in FIG. 5 (as well as FIGs. 8-14) indicate an
order among the various blocks it should be understood
that blocks are depicted in an order for convenience of
description and guiding the reader through the method,
and the operations or actions indicated by the blocks are
not limited to such an order. Rather, in other exemplary
methods such actions may be performed or otherwise
may occur in various orders. Also, some actions may
occur concurrently with others. For example, with regard
to FIG. 5, actions relating to receiving transactions, stor-
ing information in the queues, etc., may occur substan-
tially concurrently with actions relating to selecting from
among the queues and using the information stored in
selected queues to evict cached data. In relation to FIG.
3, operation of the tag processor 308 and related ele-
ments may occur substantially concurrently with opera-
tion of the scrubber 302. Further, in other exemplary
methods some of the actions or operations may be
omitted or combined with other actions.

[0046] As indicated by block 502, write requests may
be received. The write requests may be received by, for
example, the tag processor (FIG. 3). As indicated by
block 504, data associated with write requests may be
cached (e.g., in locations in the cache data memory 306
described above with regard to FIG. 3).

[0047] As indicated by block 506, queues may be
selected based on DRAM banks corresponding to the
write requests, and information associated with the write
requests may be stored in the selected queues. For
example, linked list LLQs 404 (FIG. 4) may be selected
by the scrubber 302 (FIG. 3), and cache address infor-
mation (e.g., set and way) indicating locations in the
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cache datamemory 306 (FIG. 3) in which data associated
with the write requests has been cached may be stored in
selected LLQ s 404 (FIG. 4) as described above with
regard to FIG. 4.

[0048] Although not shown for purposes of clarity, the
actions described above with regard to blocks 502-506
may be performed essentially continuously, indepen-
dently of other actions. Accordingly, the LLQs 404
(FIG. 4) may fill as additional write requests are received
and information associated with the additional write re-
quests stored in the queues. In the exemplary embodi-
ments described herein, the information associated with
the write requests may include not only cache address
information (e.g., way and set) but also page hit indica-
tions, as described below.

[0049] InFIG. 6, alinked list queue or LLQ 600, which
may be an example of each of the above-described data
storage structures 102 (FIG. 1), queues 304 (FIG. 3) or
LLQs 404 (FIG. 4), is illustrated. The LLQ 600 may
comprise any number of entries 602 (or linked list
"nodes," as sometimes referred to) from a first or "tail"
entry 602A to a last or "head" entry 602N. As linked list
principles are well understood by one of ordinary skill in
the art, details such as pointers that link the nodes are not
shown in FIG. 6 for purposes of clarity. Each entry 602
may include cache address information (e.g., way and
set) and page hit information (e.g., a bit). The page hit bit
indicates whether that entry 602 is a page hit with respect
to the preceding entry in the LLQ 600.

[0050] Referring again to FIG. 3, the processing of a
write request by the tag processor 308 may include
controlling (e.g., via the cache ftraffic processor 314)
storing the data that is the subject of the write request
(the payload) in the cache data memory 306. The pro-
cessing of a write request by the tag processor 308 may
also include deriving a tag, way and set from the target
address of the write request. The tag processor 308 may
derive this cache address information in a conventional
manner, as understood by one of ordinary skill in the art.
The way and set determine the location (i.e., cache line)
in the cache data memory 306 which the data is stored or
cached. The tag may be stored in the tag memory 360
and used along with the target address of a subsequent
transaction request (e.g., a read request) to uniquely
identify whether the subsequent transaction request is
directed to the same cached data.

[0051] When the data that is the subject of the write
request is stored in a location in the cache data memory
306, the scrubber 302 (or alternatively, the tag processor
308) may also determine whether the write request is
directed to the same DRAM page, i.e. the same row in the
same bank in the same bank group in the same rank, as
the DRAM page indicated by the tail of the queue 304 the
write request is directed to. If two successive write re-
quests are directed to the same DRAM page, the second
write request may be referred to as a page hit with respect
to the first write request, because the corresponding
accesses to that DRAM row may occur in succession
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while the DRAM row remains open.

[0052] Based on the target address, the scrubber 302
(or alternatively, the tag processor 308) may determine
the DRAM row, bank, bank group and rank addresses.
When the data that is the subject of the write request is
storedin alocation in the cache data memory 306, the tag
processor 308 may provide the way and set that together
indicate that location to the scrubber 302. The scrubber
302 may select the corresponding one of the queues 304
and add anew entry (or withregard to FIG. 6, select one of
the LLQs 602 and add a new (tail) entry or node). The
scrubber 302 may store in the new entry the way and set
as well as a bit indicating whether the cache line data
located atthat way and setis a page hit with respectto the
preceding entry.

[0053] Returning to FIG. 5, another portion of the
method 500 may relate to controlling a transfer of data
to the DRAM. In an embodiment relating to operation of
the system 300 (FIG. 3), data transfer from the cache
data memory 306 to the DRAM may be controlled using
the queues 304.

[0054] As indicated by block 508, controlling the trans-
fer of data may include selecting among the queues 304.
For example, referring again to FIG. 3, the arbiter 312
may select from among the queues 304. The arbiter 312
may select queues 304 in a repeated or iterative manner,
i.e., selecting each successive or next queue 304 after
selecting a previous queue 304. The arbiter 312 may
base the queue selection in part on information obtained
from the head entries of linked list queues, such as, for
example, the page hit (bit) information. Note that a re-
ference herein to selecting a queue 304 also refers to
selecting an entry in the queue 304, and therefore further
refers to selecting a dirty cache line identified by that
entry. The arbiter 312 may select the queues 304 in this
manner based on, for example, one or more of: a se-
quence; the page hit information; a threshold level of
cache dirtiness; a selected rank; etc. These aspects of
the operation of the arbiter 312 are described below with
regard to FIGs. 11-13.

[0055] As indicated by block 510 (FIG. 5), the method
500 may include evicting cached data indicated by the
selected queues. For example, queues 304 (FIG. 3) may
be selected by the arbiter 312. A dirty cache line in a
location in the cache data memory 306 identified by the
selected (also referred to below as "winner") queue entry
may be evicted. The scrubber output 320 may identify the
selected dirty cache line to the tag processor 308 (via the
input arbiter 318). The tag processor 308 may, in turn,
identify the selected dirty cache line to the cache traffic
processor 314. The cache traffic processor 314 may then
control the transfer of the dirty cache line out of the cache
data memory 306.

[0056] Asindicated in FIG. 7, atag processor 702 may
include features relating to storing or caching the data
that is the subject of a write request. The tag processor
702 may be an example of the above-described tag
processor 308 (FIG. 3). In the illustrated example, such
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features may include write hint change logic 704, staling
logic 706, victim search logic 708, and tag lookup and
cleanable line search logic 710.

[0057] The write hint change logic 704 relates to a
feature by which a client’s write request may include a
caching "hint" that indicates whether the data associated
with the write request is to be cached (an "allocate" hint)
or passed through the system 300 without caching (a "no
allocate") hint. Exemplary embodiments may address a
client’s use of caching hints by changing "no allocate"
hints to "allocate" under most circumstances.

[0058] As illustrated in FIG. 8, the above-described
write hint change logic 704 (FIG. 7) may be configured
to control a method 800. Incoming transactions (e.g.,
from the arbiter 318 (FIG. 3)), may be provided to the
write hintchange logic 704 and processed in the following
manner.

[0059] Asindicated by block 802, it may be determined
whether the incoming transaction request is for a write
transaction. The exemplary embodiments described
herein relate to write transactions. Nevertheless, aspects
of the embodiments described herein may be applied in
other embodiments to read transactions. If it is deter-
mined (block 802) that the incoming transaction is not a
write request, the remainder of the method 800 is not
performed.

[0060] Ifitis determined (block 802) that the incoming
transaction is a write request, then it may be determined
whether the selected queue (e.g., one of the LLQs 404
described above with regard to FIG. 4) is full or there is
otherwise noroom leftin the LLQ 404 to store a new entry,
as indicated by block 804. In the exemplary embodiment
described herein, each queue may not have a predeter-
mined size or capacity, and anew entry may be addedtoa
queue only if the storage capacity used by the LLQs 404
is not full. Nevertheless, in other embodiments a queue
may have a predetermined size. As described above, a
queue may be selected based on, for example, which
DRAM bank corresponds to the target memory address
associated with the transaction request. Ifitis determined
(block 804) that the selected queue is full, the remainder
of the method 800 is not performed.

[0061] Ifitis determined (block 804) that the selected
queue has room left to store a new entry, then it may be
determined whether the write request includes a "no
allocate" cache hint, as indicated by block 806. If it is
determined (block 806) that the write request does not
include a "no allocate" cache hint, the remainder of the
method 800 is not performed. For example, if the write
requestincludes an "allocate" cache hint, the method 800
does not change that transaction’s cache hint, which thus
remains "allocate."

[0062] If it is determined (block 806) that the write
request includes a "no allocate" cache hint, then that
cache hint may be changed to "allocate." However,
whether the "no allocate" cache hint is changed to "allo-
cate" may be conditioned upon a property of a sub-cache
to which the write request is directed. As described
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above, a transaction request may include an indication
identifying a sub-cache from among a number of sub-
caches into which the cache system may be partitioned.
One such sub-cache, which may be referred to as the
Write Sub-Cache or "WRSC," may be used to cache the
payloads whose locations are registered in the LLQ 404.
Each sub-cache may have a property referred to herein
as a "Write_Buffer" property, and the Write_Buffer prop-
erties of some sub-caches may be different from the
Write_Buffer properties of other sub-caches. The Wri-
te_Buffer property may have one of two values: true or
false. As indicated by block 808, it may be determined
whether the Write_Buffer property of the sub-cache to
which the write request is directed is true. If it is deter-
mined that the Write_Buffer property is true, then write
requests having a "no allocate" hint may be allocated to
the WRSC sub-cache and the associated information
may be registered in (i.e., stored in) the queues as
described above. If it is determined (block 808) that the
Write_Buffer property of the sub-cache to which the write
request is directed is not true, i.e., is false, then write
requests having an "allocate" hint may be registered in
the selected queue at a later point when (not shown in
FIG. 8) the cached data is stale and selected by the tag
lookup and cleanable line search logic 710 (FIG. 7). A
method by which cached data may be tagged with a
"stale" indication, referring to as a "staling" method, is
described below. If it is determined (block 808) that the
Write_Buffer property is true, then the "no allocate" cache
hint of that write request may be replaced with an "allo-
cate" cache hint, as indicated by block 810. As also
indicated by block 810, the indication of the sub-cache
to which the write transaction is directed may be replaced
with an indication of the Write Sub-Cache.

[0063] Referring briefly again to FIG. 7, the tag lookup
and cleanable line search logic 710 relates to further
processing the write request after the write hint change
logic 704 has performed the above-described method
800 (FIG. 8). As described below, such processing may
include looking up atag associated with the write request,
searching for alocation in which to store or cache the data
associated with the write request, etc.

[0064] Asillustratedin FIGs. 9A-9B, the tag lookup and
cleanable line search logic 710 (FIG. 7) may be config-
ured to control a method 900. Alternatively, or in addition,
the scrubber 302 (FIG. 3) may be configured to control a
portion of the method 900.

[0065] Although not shown in FIGs. 9A-9B, before tag
lookup is performed (as described below), the staling
logic 706 (FIG. 7) may operate to check the age of each
cache line in the set being accessed by the tag lookup
operation. If the age of a cache line exceeds a predeter-
mined threshold, the Stale flag may be set to a state of
true. The age of a cache line may be calculated by
comparing a current time with a time stamp that was
associated to the cache line when it was allocated in
the cache. Each subcache may have its own currenttime
which is progressing at each new allocation in that sub-
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cache.

[0066] Asindicated by block 902, it may be determined
whether the write request results in a cache hit. (Note that
a "cache hit" is not the same as the DRAM "page hit"
described above.) Whether a write request results in a
cache hit may be determined in a conventional manner.
For example, as understood by one of ordinary skill in the
art, for an N-way set-associative cache, each set con-
tains N ways or degrees of associativity. Each way in-
clude a data block, the tag, and the above-described
Valid flag, Dirty flag, Cleanable flag, and Stale flag.
The set and way may be determined from a portion of
the target address associated with the write request. In
the exemplary embodiment, the tag and associated flags
may then be read from the tag memory 310 (FIG. 3). (In
the exemplary embodiment, the cached data (lines) may
be stored separately in the cache data memory 306.) For
eachway in a set, the tag read from the tag memory 310is
compared with the tag bits of the target address of the
write request, and if they match, and if the Valid flag is
true, then it is determined that the write request results in
a cache hit. Note that the above-referenced target ad-
dress decoding may also identify the DRAM rank, bank
group and bank to which the write request is directed and
thereby identify or select one of the LLQs 404 (which may
be referred to herein as the LLQ 404 or the selected LLQ
404).

[0067] If it is determined (block 902) that the write
request does not result in a cache hit, then further pro-
cessing may be performed to determine a location in the
cache datamemory 306 (FIG. 3) in which the data may be
stored and to add an entry to the LLQ 404 indicating that
location contains dirty data. Preliminary to this further
processing, it may be determined whether the write re-
quest includes an "allocate" cache hint, as indicated by
block 904.

[0068] If it is determined (block 904) that the write
request includes an "allocate" cache hint, then a victim
search method may be performed. Block 906 indicates
performing a victim search method that is further de-
scribed below. A result of performing the victim search
method may be a location of a "victim" cache line in the
cache data memory 306 (FIG. 3). However, another
possible result of the victim search method may be that
no victim cache line has been found. Furthermore, the
victim search method may prefer choosing clean victim
line to minimize the occurrence of dirty line eviction that
would pollute the DRAM aware stream of write back
consecutive to the scrubber operations.

[0069] Asindicated by block 908, it may be determined
whether a victim cache line was found. If it is determined
(block 910) that a victim cache line was found, then that
cache line may be allocated for the data associated with
the write request. The data associated with the write
request is thus stored in the allocated cache line in the
cache data memory 306. Also, as described below, the
tag memory 310 may be updated, and an entry may be
added to the LLQ 404. Adding an entry to the LLQ 404
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may be conditioned upon some further conditions, one of
which is that the LLQ 404 is not yet full, as indicated by
block 912.

[0070] Referring back to block 902, if it is determined
that the write request results in a hit, then it may be
determined as indicated by block 914 whether the hit is
onacleanline(i.e., the Dirty flag has a state of false). Ifitis
determined that the hit is on a clean line, the method 900
may return to above-described block 912, where it may
be determined whether the LLQ 404 is full. If it is deter-
mined (block 912) that the LLQ 404 is full, then the
method 900 ends with respect to the processing of that
write request, and no entry is added to the LLQ 404.
[0071] Ifitis determined (block 912)thatthe LLQ 404 is
not full, then another combination of conditions may be
determined, as indicated by block 916: the cache line is
dirty (i.e., the Dirty flag has a state of true), and the cache
line is cleanable (i.e., the Cleanable flag has a state of
true), and the above-described Write_Buffer property
has a state of true. As noted above, a true Cleanable
flag means that the cache line is not yet registered in the
LLQ 404.

[0072] If the above-described combination of condi-
tions is determined (block 916) to be true, then an entry
may be added to the LLQ 404, as indicated by block 918.
Anew "head" of the LLQ 404, comprising the setand way
address of the allocated cache line, may be "pushed" or
added to the LLQ 404, effectively placing the entry that
was previously the head behind the new head. The new
head row information may be compared to the row in-
formation of the previous head to determine if the pageHit
flag is true. The pageHit flag is also pushed into the
queue. The Cleanable flag in the location in the tag
memory 310 associated with the allocated cache line
may be set to a state of false. The write request having
been processed in the above-described manner may
signify the end of the method 900 with respect to that
write request.

[0073] Nevertheless, if it is determined in accordance
with above-described block 914 that cache hitis noton a
cleanline, orifitis determined in accordance with above-
described block 904 that the cache hint is not "allocate,"
orifitis determined in accordance with above-described
block 908 that no victim cache line was found, or if it is
determined that the combination of conditions described
above with regard to block 916 is not true, then the
method 900 may continue (see FIG. 9B) as indicated
by block 920.

[0074] It may then be determined (block 920) whether
the LLQ 404 is full. If it is determined that the LLQ 404 is
full, then the method 900 ends with respect to the proces-
sing of that write request, and no entryis added tothe LLQ
404.

[0075] Ifitis determined (block 920)thatthe LLQ 404 is
not full, then as indicated by block 922 it may be deter-
mined whether the set has any cache lines having the
combination of conditions: dirty, cleanable, and stale (i.e.,
the Dirty, Cleanable, and Stale flags are all true). If that
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combination of conditions is determined to be true, then
one of those cache lines (e.g., the first such cache line
found) may be selected for adding to the list of dirty cache
linesinthe LLQ 404, asindicated by block 924. Returning
to block 918 (FIG. 9A), an entry for that cache line may
then be added to the LLQ 404.

[0076] AsillustratedinFIG. 10, a "victim search" meth-
od 1000 may be an example of the sub-method of the
above-described method 900 (FIG. 9A) that is indicated
by block 906. As indicated by block 1002, it may be
determined whether there are one or more invalid lines
(i.e., the Valid flag is false) in the set. If it is determined
(block 1002) that there are one or more invalid lines in the
set, then one of those invalid lines may be selected as the
victim line, as indicated by block 1004. If more than one
suchlineis found, then the first such line thatis found may
be selected in accordance with block 1004.

[0077] However, if it is determined (block 1002) that
there are no invalid lines in the set, then it may be
determined whether there are one or more clean stale
lines (i.e., the Clean and Stale flags are true) in the set, as
indicated by block 10086. If it is determined (block 1006)
that there are one or more clean stale lines in the set, then
one of those clean stale lines may be selected as the
victim line, as indicated by block 1008. If more than one
suchlineis found, then the first such line thatis found may
be selected in accordance with block 1008. It should be
understood that the likelihood to find a clean stale line is
high as the scrubber is ensuring a low level of dirty lines in
the cache and the staling process ensure a high prob-
ability to find a stale line in each set.

[0078] However, if it is determined (block 1006) that
there are no clean stale lines in the set, then it may be
determined whether there are one or more dirty stale
lines in the set, as indicated by block 1010. If it is deter-
mined (block 1010) that there are one or more dirty stale
lines in the set, then one of those dirty stale lines may be
selected as the victim line, as indicated by block 1012. If
more than one such line is found, then the first such line
that is found may be selected in accordance with block
1012. It should be understood that selecting a dirty victim
will cause a dirty eviction and consequently pollute the
DRAM aware stream of write back consecutive to the
scrubber operations.

[0079] However, if it is determined (block 1010) that
there are no clean stale lines in the set, then it may be
determined whether there are one or more clean lines in
the set that have a lower priority than the incoming line
(i.e., the priority of the write request being processed), as
indicated by block 1014. As described above, the "prior-
ity" of a write request may refer to the priority of the sub-
cache to which the write request is directed, as each sub-
cache may have a predetermined priority relative to other
sub-caches. Ifitis determined (block 1014) that there are
one ormore clean lines in the set that have a lower priority
than the incoming line, then one of those lines having the
lowest priority may be selected as the victim line, as
indicated by block 1016. If two or more lines each have
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the lowest level of priority, then the first such line that is
found may be selected in accordance with block 1016.
[0080] However, if it is determined (block 1014) that
there are no cleanlinesin the setthat have alower priority
than the incoming line, then it may be determined
whether there are one or more dirty lines in the set that
have a lower priority than the incoming line, as indicated
by block 1018. If it is determined (block 1018) that there
are one or more dirty lines in the set that have a lower
priority than the incoming line, then one of those lines
may be selected as the victim line, as indicated by block
1020. If more than one such line is found, then the first
such line that is found may be selected in accordance
with block 1020. However, if itis determined (block 1018)
that there are no clean lines in the set that have a lower
priority than the incoming line, then the result of the
method 1000 may be that no victim line is found.
[0081] An alternative victim search method (not
shown) may be similar to the above-described method
1000 (FIG. 10), except that dirty lines may be omitted
from consideration as victim line candidates. Accord-
ingly, in the alternative method blocks 1010, 1012,
1018 and 1020 may be omitted. That is, the method flow
may proceed from a "no" determination in block 1006
directly to block 1014.

[0082] The above-described methods 800 (FIG. 8),
900 (FIGs. 9A-9B) and 1000 (FIG. 10) relate to caching
data associated with incoming transaction requests and
registering dirty cache linesin the LLQs 404 (FIG. 4). The
methods 800, 900 and 1000 thus may also represent
examples of processing described above with regard to
blocks 502, 504 and 506 of the method 500 (FIG. 5).
[0083] Asillustratedin FIG. 11, a method 1100 relating
to controlling the transfer of cached data to the DRAM
using the LLQs 404 (FIG. 4) is depicted in flow diagram
form. The method 1100 may represent a portion of the
processing described above with regard to blocks 508
and 510 of the method 500 (FIG. 5). The method 1100
may represent an example of selecting among the LLQs
404 of the sub-group 404A or 404B (FIG. 4) based on a
sequence. The method 1100 may control the selection
that is conceptually represented in FIG. 4 by the queue
selection logic 408A and 408B. The first and second
queue selection logic 408A and 408B (FIG. 4) may oper-
ate independently of each other. Stated another way, two
instances of the method 1100 may operate indepen-
dently of and concurrently with each other, afirstinstance
of the method 1100 controlling the selection represented
by the first queue selection logic 408A, and a second
instance of the method 1100 controlling the selection
represented by the second queue selection logic 408B.
The selection logic 406 (FIG. 4) may be configured to
control the two instances of the method 1100.

[0084] As indicated by block 1102, it may be deter-
mined whether the page hit list count (Page_ Hi-
t_List_Count)is greater than or equal to a predetermined
threshold number (LLQ_PH_TH). The page hit list count
is the number of LLQs 404 (FIG. 4) in which the head
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entry (page hit bit) indicates a page hit. If it is determined
(block 1102) that the page hit list count is greater than or
equal to the threshold number, then it may be determined
whether there are one or more LLQs 404 having head
entries indicating page hits in a different bank group than
the "last winner" (i.e., the LLQ 404 that was most recently
selected by the method 1100), asindicated by block 1104.
If there is no "last winner" because the determination in
block 1104 is a first iteration after initially beginning the
method 1100, then the determination in block 1104 may
default to a result of "yes." If it is determined (block 1104)
that there are one or more LLQs 404 having head entries
indicating page hits in a differentbank group than the "last
winner" (or the determination defaults to "yes"), then the
current list (Current_List) may be incremented. The
method 1100 maintains a record or pointer to one of
the lists or LLQs 404 (FIG. 4) that may be referred to
as the "current list."

[0085] Incrementing the current list means that the
next LLQ 404 in the sequence becomes the new current
list. Forexample, if the current listis the LLQ 404 for Bank
0in BGO, the next list in the sequence is the LLQ 404 for
Bank 0 in BG1. Stated another way, referring to the LLQ
404 forBank_0inBGO as thefirst LLQ 404 andtothe LLQ
404 for Bank_3in BG3 as the 16th LLQ 404, then the lists
may be incremented from the first LLQ 404 to the second
LLQ404, etc., to the 16th LLQ 404. The incrementing that
is performed in accordance with block 1106 is modulo 16.
That is, if the 16th LLQ 404 (i.e., Bank_3 in BG3) is the
current list, then incrementing the current list means that
the first LLQ 404 (i.e., Bank_0 in BGQO) becomes the new
current list. It may be noted that the sequence repre-
sented by the method 1100 is based on a round-robin
sequence among the LLQs 404. While a conventional
round-robin sequence would progress from each LLQ
404 to the next without regard to other conditions, the
method 1100 represents a modification of a conventional
round-robin sequence based on the page hitinformation.
[0086] As indicated by block 1108, after incrementing
the current list, it may then be determined whether the
currentlist (head entry) indicates a page hitand that page
hit is in a different bank group than the last winner. Ifitis
determined that the current list indicates a page hitand in
a different bank group than the last winner, then the
current list is selected, as indicated by block 1110. Re-
ferring to FIG. 4, information identifying a first selected list
is conceptually the output of the first selection logic 408A,
and information identifying a second selected list is con-
ceptually the output of the second selection logic 408B.
The method flow returns from block 1110 to block 1102 in
an iterative manner. Note that the selected list also be-
comes the new "last winner" for purposes of blocks 1104,
1108, etc.

[0087] Ifitis determined (block 1102) that the page hit
list count is not greater than or equal to the threshold
number, i.e., the page hitlist countis less than the thresh-
old number, then the current list may be assigned a value
of a saved list (Saved_List). That is, the saved list be-
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comes the new current list. If there is no "saved list"
because the method flow has reached the block 1112
on a first iteration of the method 1100, then the saved list
may be the same as the currentlist. Thatis, the saved list
may initially be set to the same list as the current listwhen
the method 1100 begins operating. Also, referring back to
block 1104, if it is determined that that there are no LLQs
404 having head entries indicating page hits in a different
bank group than the last winner, then the method 1100
continues as described above with regard to block 1112.
[0088] As indicated by block 1114, after the saved list
becomes the new current list (block 1112) the current list
may be incremented. Then, as indicated by block 1116, it
may then be determined whether the current listis empty.
If it is determined that the current list is empty, then the
current list may be incremented (block 1114) until the
current list is not empty.

[0089] As indicated by block 1118 it is determined
(block 1116) that the current list is not empty, then it
may be determined whether there are one or more lists
in a different bank group than the last winner, or if the
currentlistis in a different bank group than the last winner.
Ifitis determined that there are no lists in a different bank
group than the last winner, or the current list is in a
different bank group than the last winner, then the current
list may become the saved list (i.e., the current list is
saved for a next iteration of the method 1100), as indi-
cated by block 1120. However, if it is determined that
there are one or more lists in a different bank group than
the lastwinner, and the currentlistis notin a different bank
group than the last winner, then the current list may be
incremented and the method 1100 may continue as
described above with regard to block 1114.

[0090] Asillustratedin FIG. 12, a method 1200 relating
to selecting a rank is depicted in flow diagram form. The
method 1200 may represent a portion of the processing
described above with regard to block 508 of the method
500 (FIG. 5). With further reference to FIG. 4, the selec-
tion logic 406 may be configured to control the method
1200. The method 1200 selects a rank (e.g., Rank_0 or
Rank_1 in the exemplary embodiment),. The rank selec-
tion logic 410 may be configured in accordance with the
method 1200. The rank selection logic 410 is thus con-
figured to select a rank. In FIG. 12, whichever of Rank_0
and Rank_1 was previously selected at the time the
determination indicated by block 1202 is begun is re-
ferred to as the "current rank" (Current_Rank), and
whichever of Rank_0 and Rank_1 is not the current rank
referred to as the "other rank" (Other_Rank). The current
rank may be initialized to either rank prior to the first
iteration through the method 1200. In FIG. 12, the term
"list spread" (List_Spread) refers to the number of LLQs
404 in a rank that are not empty. The term "minimum list
spread" refers to a threshold number that may be pre-
determined or fixed.

[0091] Asindicated by block 1202, afirst condition may
be determined: whether the list spread of the current rank
is less than the minimum list spread and the list spread of
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the other rank is greater than or equal to the minimum list
spread. As also indicated by block 1202, a second con-
dition may be determined: the list spread of the current
rankis equal to zero and the list spread of the otherrank is
notequalto zero. Ifitis determined that either of the firstor
second conditions is true, then the current rank may be
changed or switched to the other rank, as indicated by
block 1204. That is, the current rank becomes the other
rank, and vice versa. Following block 1204, the method
1200 may return to block 1202. However, if it is deter-
mined (block 1202) that neither of the first and second
conditions is true, then the method 1200 may return to
block 1202 without changing the currentrank. Thatis, the
determination indicated by block 1202 may be repeated
essentially continuously without changing the rank so
long as neither the first nor second condition is true.
[0092] Referring briefly again to FIG. 4, the output of
the rank selection logic 410 is an indication identifying
either an LLQ 404 in Rank_0 selected by the first queue
selectionlogic408A oranLLQ 404 in Rank_1 selected by
the second queue selection logic 408B. In the illustrated
embodiment, the output of the rank selection logic 410
becomes the output of the selection logic 406 (concep-
tually represented by a logical-AND symbol in FIG. 4)
only if the selection enable logic 412 is enabled; if the
selection enable logic 412 is not enabled, then the output
of the selection logic 406 is an indication that no LLQ 404
is currently selected. In the illustrated embodiment, a
scrubber enable or scrubber activation method, de-
scribed below with regard to FIG. 13, may control whether
the selection enable logic412is enabled. Nevertheless, it
should be understood that such a scrubber enable or
activation method may enable any of the above-de-
scribed logic and methods relating to controlling the
transfer of cached data to the DRAM using the LLQs
404; enabling the output of the selection logic 406 as a
final action immediately before the output, after queue
selection by queue selection logic 408A and 408B and
rank selection by rank selection logic 410, is intended
only as an example.

[0093] The method 1300 (FIG. 13) may control
whether the scrubber 302 (FIG. 3) is active or inactive,
since in the exemplary embodiment the selection logic
406 (FIG. 4) effectively controls the scrubber operation.
When the scrubber 302 is active, it identifies dirty cached
data for eviction to the DRAM. Evicting (or "cleaning")
decreases cache dirtiness. The method 1300 attempts to
adjust the level of scrubber activity to maintain a level of
cache dirtiness within a range or window between a high
threshold (HT) and a low threshold (LT). This feature may
be beneficial in examples of operation in which read and
write traffic are competing with each other for memory
controller bandwidth. For example, in a PCD write re-
quest traffic from a camera client may compete with read
request traffic from a display client.

[0094] The selectionlogic406 (FIG.4)orotherelement
ofthe scrubber 302 (FIG. 3) may be configured to monitor
the total number of linked list entries among all of the
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LLQs 404 as a measure of cache dirtiness. For example,
a count of the total number of entries among all of the
LLQs 404 may be incremented when an entry is added
(or "pushed") and decremented when an entry is re-
moved (or "popped") in conjunction with an eviction. In
the method 1300 this measure of cache dirtiness is
referred to as "LLQ level."

[0095] Although initializations are not shownin FIG. 13
or other flow diagrams herein for purposes of clarity, the
scrubber 302 (FIG. 3) may be initialized to an inactive
state. As indicated by block 1302, it may be determined
whether the LLQ level is greater than or equal to a
predetermined minimum threshold (i.e., a "rock bottom
threshold" or RBT). The minimum threshold may be
determined empirically. For example, it may be deter-
mined statistically thatif the pool of candidate cache lines
for eviction in a rank is maintained above 80 candidates,
the result is, with a high probability, a bank spread of
about 16. The determination indicated by block 1302 may
repeat until it may be determined that the LLQ level is
greater than or equal to the minimum threshold. If it is
determined that the LLQ level is greater than or equal to
the minimum threshold, then it may be determined
whether the scrubber is active, as indicated by block
1304. If it is determined that the scrubber is not active,
then it may be determined whether the LLQ level is
greater than or equal to the high threshold or the number
of read requests pending in the memory controller
(MCreadOT)is less than a predetermined or fixed thresh-
old (readOTthreshold), as indicated by block 1306. If it is
determined that the LLQ level is greater than or equal to
the high threshold or the number of read requests pend-
ing in the memory controller (MCreadQOT) is less than the
predetermined or fixed threshold (readOTthreshold),
then the scrubber may be activated or enabled, as in-
dicated by block 1308. The method 1300 may then return
to above-described block 1302. Ifitis determined that the
LLQ/levelis not greater than or equal to the high threshold
and the number of read requests pending in the memory
controller (MCreadOT)is not less than the predetermined
fixed threshold (readOTthreshold), then the method
1300 may return to above-described block 1302.
[0096] Ifitis determined (block 1304) that the scrubber
is active, thenitmay be determined whetherthe LLQ level
is less than the low threshold or the number of read
requests pending in the memory controller (MCreadOT)
is greater than or equal to the predetermined fixed thresh-
old, as indicated by block 1310. Ifitis determined that the
LLQ level is less than the low threshold or the number of
read requests pending in the memory controller (MCrea-
dOT)is greater than or equal to the predetermined or fixed
threshold (readOTthreshold), then the scrubber may be
deactivated or disabled, as indicated by block 1312. The
method 1300 may then return to above-described block
1302. Ifitis determined that the LLQ level is not less than
the low threshold and the number of read requests pend-
ing in the memory controller (MCreadQOT)is not greater
than or equal to the predetermined or fixed threshold
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(readOTthreshold), then the method 1300 may return to
above-described block 1302.

[0097] The above-described methods 500 (FIG. 5),
800 (FIG. 8), 900 (FIGs. 9A-9B), 1000 (FIG. 10), 1100
(FIG. 11)and 1200 (FIG. 12), relating to processing write
requests, may be referred to as "DRAM-aware" because
they leverage the latency-reducing organization of the
DRAM. Similar methods may be provided for DRAM-
aware processing of other types of memory transactions.
For example, for processing read prefetch requests,
instead of storing information identifying cache locations
of dirty data in selected LLQs or other data storage
structures as described above with regard to, for exam-
ple, the method 500, read prefetch requests may be
stored. And instead of evicting cache lines identified by
the contents stored in the selected LLQs or other data
storage structures in a DRAM-aware order as described
above with regard to, for example, the method 500, the
prefetch requests may be sent from the LLQs or other
data storage structures to the DRAM (via a memory
controller) in such a DRAM-aware order.

[0098] As illustrated in FIG. 14, a method 1400 for
controlling data caching is depicted in flow diagram form.
As indicated by block 1402, the method 1400 may include
receiving DRAM transaction requests. As indicated by
block 1404, the method may further include storing in-
formation associated with the transaction requests in
data storage structures that are organized in a manner
corresponding to the DRAM organization. As indicated
by block 1406, the method 1400 may also include con-
trolling transfer of data to the DRAM using the data
storage structures.

[0099] As illustrated in FIG. 15, exemplary embodi-
ments of systems and methods for controlling data cach-
ing in a DRAM-aware manner may be provided in a
portable computing device ("PCD") 1500. For purposes
of clarity, data buses or other data communication inter-
connects are not shown in FIG. 15. Some exemplary
interconnections, some of which may represent commu-
nication via such buses or interconnects, are described
for context. Nevertheless, it should be understood that,
more generally, various elements described below may
communicate with each other via one or more buses or
system interconnects.

[0100] The PCD 1500 may include an SoC 1502. The
SoC 1502 may include a CPU 1504, a GPU 1506, a DSP
1507, an analog signal processor 1508, or other proces-
sors. The CPU 1504 may include multiple cores, such as
afirst core 1504A, a second core 1504B, etc., through an
Nth core 1504N.

[0101] A display controller 1510 and a touch-screen
controller 1512 may be coupled to the CPU 1504. A
touchscreen display 1514 external to the SoC 1502
may be coupled to the display controller 1510 and the
touch-screen controller 1512. The PCD 1500 may further
include avideo decoder 1516 coupled tothe CPU 1504. A
video amplifier 1518 may be coupled to the video decoder
1516 and the touchscreen display 1514. A video port
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1520 may be coupled to the video amplifier 1518. A
universal serial bus ("USB") controller 1522 may also
be coupled to CPU 1504, and a USB port 1524 may be
coupled to the USB controller 1522. A subscriber identity
module ("SIM") card 1526 may also be coupled to the
CPU 1504.

[0102] One or more memories may be coupled to the
CPU 1504. The one or more memories may include both
volatile and non-volatile memories. Examples of volatile
memories include static random access memory
("SRAM") 1528 and dynamic RAMs ("DRAM"s) 1530
and 1531. Such memories may be external to the SoC
1502, such as the DRAM 1530, or internal to the SoC
1502, such as the DRAM 1531. A DRAM controller 1532
coupled to the CPU 1504 may control the writing of data
to, and reading of data from, the DRAMs 1530 and 1531.
In other embodiments, such a DRAM controller may be
included within a processor, such as the CPU 1504. The
DRAMs 1530 and 1531 may be examples of the DRAM
208 (FIG. 2) or, more generally, any of the DRAMs
referenced above with regard to FIGs. 1-14. A cache
system 1533, which may be an example of the cache
system 204 (FIG. 2), may be coupled to the DRAM
controller 1532.

[0103] Astereoaudio CODEC 1534 may be coupled to
the analog signal processor 1508. Further, an audio
amplifier 1536 may be coupled to the stereo audio CO-
DEC 1534. First and second stereo speakers 1538 and
1540, respectively, may be coupled to the audio amplifier
1536. In addition, a microphone amplifier 1542 may be
coupled to the stereo audio CODEC 1534, and a micro-
phone 1544 may be coupled to the microphone amplifier
1542. A frequency modulation ("FM") radio tuner 1546
may be coupled to the stereo audio CODEC 1534. An FM
antenna 1548 may be coupled to the FM radio tuner
1546. Further, stereo headphones 1550 may be coupled
tothe stereo audio CODEC 1534. Other devices that may
be coupled to the CPU 1504 include one or more digital
(e.g., CCD or CMOS) cameras 1552.

[0104] A modem or RF transceiver 1554 may be
coupled to the analog signal processor 1508 and the
CPU 1504. An RF switch 1556 may be coupled to the
RF transceiver 1554 and an RF antenna 1558. In addi-
tion, a keypad 1560, a mono headset with a microphone
1562, and a vibrator device 1564 may be coupled to the
analog signal processor 1508.

[0105] The SoC 1502 may have one or more internal or
on-chip thermal sensors 1570A and may be coupled to
one or more external or off-chip thermal sensors 1570B.
An analog-to-digital converter ("ADC") controller 1572
may convert voltage drops produced by the thermal
sensors 1570A and 1570B to digital signals. A power
supply 1574 and a power management integrated circuit
("PMIC") 1576 may supply power to the SoC 1502.
[0106] Firmware or software may be stored in any of
the above-described memories, such as DRAM 1530 or
1531, SRAM 1528, etc., or may be stored in a local
memory directly accessible by the processor hardware
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on which the software or firmware executes. Execution of
such firmware or software may control aspects of any of
the above-described methods or configure aspects any
of the above-described systems. Any such memory or
other non-transitory storage medium having firmware or
software stored therein in computer-readable form for
execution by processor hardware may be an example of
a "computer-readable medium," as the term is under-
stood in the patent lexicon.

[0107] Alternative embodiments will become apparent
to one of ordinary skill in the art to which the invention
pertains. Therefore, although selected aspects have
been illustrated and described in detail, it will be under-
stood that various substitutions and alterations may be
made therein.

Claims

1. Asystem (100)for controlling data caching, compris-
ing:

a plurality of data storage structures (102) col-
lectively having an organization corresponding
to a structural organization of a dynamic random
access memory, DRAM, wherein each of the
plurality of data storage structures is a linked
list queue organized in a manner corresponding
to a rank, bank group, and bank organization of
the DRAM, and each linked list queue corre-
sponds to one of a plurality of banks of the
DRAM; and

a cache controller system (104) configured to:

receive a plurality of transaction requests;
store data associated with the transaction
requests in one or more data storage struc-
tures selected from among the plurality of
data storage structures based on a memory
address associated with each transaction
request; and

control data transfer to the DRAM using the
plurality of data storage structures;

select among the plurality of data storage
structures based on a sequence, wherein
the sequence is based on at least one of a
round-robin selection and DRAM page hit
information stored in the data storage struc-
tures; and

evict to the DRAM cached data from loca-
tions in a data cache indicated by the data
stored in the selected data storage struc-
tures.

2. The system (100) of claim 1, wherein the linked list
queues are organized by subsets, wherein each
subset corresponds to one rank of the DRAM.
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3. The system (100) of claim 1, wherein the cache
controller system is configured to:

receive a plurality of DRAM write requests hav-
ing associated memory addresses; and

store cache address information associated
with the plurality of DRAM write requests in
corresponding selected data storage structures
selected based on bank addresses associated
with the DRAM write requests.

4. The system (100) of claim 1, wherein the cache
controller system is configured to select between a
first subset of the plurality of data storage structures
associated with a first rank of the DRAM and a
second subset of the plurality of data storage struc-
tures associated with a second rank of the DRAM.

5. The system (100) of claim 1, wherein cache con-
troller system is configured to selectively enable
eviction of cached data based on atleast one thresh-
old level of cache dirtiness.

6. A method (500) for controlling data caching, com-
prising:

receiving (502) a plurality of transaction re-
quests;

storing (504) data associated with the transac-
tion requests in one or more data storage struc-
tures selected from among the plurality of data
storage structures based on a memory address
associated with each transaction request; and
controlling data transfer to a dynamic random
access memory, DRAM, using the plurality of
data storage structures, wherein plurality of data
storage structures collectively having an orga-
nization corresponding to a structural organiza-
tion ofthe DRAM, wherein each of the plurality of
data storage structures is a linked list queue
organized in a manner corresponding to a rank,
bank group, and bank organization of the
DRAM, and each linked list queue corresponds
to one of a plurality of banks of the DRAM,;
selecting (508) among the plurality of data sto-
rage structures based on a sequence, wherein
the sequence is based on atleast one of around-
robin selection and DRAM page hit information
stored in the data storage structures; and
evicting (510) to the DRAM cached data from
locations in a data cache indicated by the data
stored in the selected data storage structures.

7. The method (500) of claim 6, wherein linked list
queue has a data field for a rank, a data field for a
bank group, and a data field for a bank corresponding
to the DRAM.
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The method (500) of claim 6, wherein the linked list
queues are organized by subsets, wherein each
subset corresponds to one rank of the DRAM.

The method (500) of claim 6, wherein:

receiving a plurality of transaction requests com-
prises receiving a plurality of DRAM write re-
quests having associated memory addresses;
and

storing data associated with the transaction re-
quests comprises storing cache address infor-
mation associated with the plurality of DRAM
write requests in corresponding selected data
storage structures selected based on bank ad-
dresses associated with the DRAM write re-
quests.

The method (500) of claim 6, wherein selecting
among the plurality of data storage structures com-
prises selecting between a first subset of the plurality
of data storage structures associated with a first rank
of the DRAM and a second subset of the plurality of
data storage structures associated with a second
rank of the DRAM.

The method (500) of claim 6, wherein controlling
data transfer to the DRAM comprises selectively
enabling eviction of cached data based on at least
one threshold level of cache dirtiness.

A computer-readable medium for controlling data
caching, comprising a non-transitory computer-
readable medium having stored thereon in compu-
ter-executable forminstructions that, when executed
by a processor, configure the processor to:

receive a plurality of transaction requests;
store data associated with the transaction re-
quests in one or more data storage structures
selected from among the plurality of data sto-
rage structures based on a memory address
associated with each transaction request; and
control data transfer to a dynamic random ac-
cess memory, DRAM, using the plurality of data
storage structures, each of the plurality of data
storage structures corresponding to one of a
plurality of banks of the DRAM, wherein each
of the plurality of data storage structures is a
linked list queue organized in a manner corre-
sponding to a rank, bank group, and bank orga-
nization of the DRAM, and each linked list queue
corresponds to one of a plurality of banks of the
DRAM,;

select among the plurality of data storage struc-
tures based on a sequence, wherein the se-
quence is based on at least one of a round-robin
selection and DRAM page hitinformation stored
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in the data storage structures; and

evict to the DRAM cached data from locations in
a data cache indicated by the data stored in the
selected data storage structures.

The computer-readable medium of claim 12, where-
in each linked list queue has a data field for arank, a
data field for a bank group, and a data field for a bank
corresponding to the DRAM.

The computer-readable medium of claim 12, where-
in the linked list queues are organized by subsets,
wherein each subset corresponds to one rank of the
DRAM.

Patentanspriiche

1.

Ein System (100) zum Steuern eines Daten-Ca-
chings, aufweisend:

eine Vielzahl von Datenspeicherstrukturen
(102), die gesammelt eine Organisation in Ent-
sprechung zu einer strukturellen Organisation
eines DRAM (Dynamic Random Access Memo-
ry) aufweisen, wobei jede aus der Vielzahl von
Datenspeicherstrukturen eine Verknipfte-Liste-
Warteschlange ist, die in Entsprechung zu ei-
nem Rang, einer Bankgruppe und einer Bank-
organisation des DRAM organisiert ist, wobei
jede Verknlpfte-Liste-Warteschlange einer aus
einer Vielzahl von Banken des DRAM ent-
spricht, und

ein Cache-Cotroller-System (104), das konfigu-
riert ist zum:

Empfangen einer Vielzahl von Transak-
tionsanfragen,

Speichern von mit den Transaktionsanfra-
gen assoziierten Daten in einer oder mehre-
ren Datenspeicherstrukturen, die aus der
Vielzahl von Datenspeicherstrukturen ba-
sierend auf einer mit jeder Transaktionsan-
frage assoziierten Speicheradresse ausge-
wahlt werden, und

Steuern des Datentransfers zu dem DRAM
unter Verwendung der Vielzahl von Daten-
speicherstrukturen,

Auswahlen aus der Vielzahl von Datenspei-
cherstrukturen basierend auf einer Se-
quenz, wobei die Sequenz auf einer
Round-Robin-Auswahl und/oder auf in
den Datenspeicherstrukturen gespeicher-
ten DRAM-Seitentrefferinformationen ba-
siert, und

Raumen, zu dem DRAM, von gecachten
Daten von Positionen in einem Daten-Ca-
che, die durch die in den ausgewahlten
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Datenspeicherstrukturen
Daten angegeben werden.

gespeicherten

System (100) nach Anspruch 1, wobei die Verknupf-
te-Liste-Warteschlangen durch Teilsatze organisiert
sind, wobei jeder Teilsatz einem Rang des DRAM
entspricht.

System (100) nach Anspruch 1, wobei das Cache-
Controller-System konfiguriert ist zum:

Empfangen einer Vielzahl von DRAM-Schreib-
anfragen mit assoziierten Speicheradressen,
und

Speichern von Cache-Adressinformationen, die
mit der Vielzahl von DRAM-Schreibanfragen
assoziiert sind, in entsprechenden ausgewahl-
ten Datenspeicherstrukturen, die basierend auf
mit den DRAM-Schreibanfragen assoziierten
Bankadressen ausgewahlt werden.

System (100) nach Anspruch 1, wobei das Cache-
Controller-System konfiguriert ist zum Auswahlen
zwischen einem ersten Teilsatz der Vielzahl von
Datenspeicherstrukturen, der mit einem ersten
Rang des DRAM assoziiert ist, und einem zweiten
Teilsatz der Vielzahl von Datenspeicherstrukturen,
der miteinem zweiten Rang des DRAM assoziiert ist.

System (100) nach Anspruch 1, wobei das Cache-
Controller-System konfiguriert ist zum wahlweisen
Ermdglichen des Rdumens von gecachten Daten
basierend auf wenigstens einem Schwellenwertpe-
gel einer Cacheverunreinigung.

Ein Verfahren (500) zum Steuern eines Daten-Ca-
chings, aufweisend:

Empfangen (502) einer Vielzahl von Transak-
tionsanfragen,

Speichern (504) von mit den Transaktionsan-
fragen assoziierten Daten in einer oder mehre-
ren Datenspeicherstrukturen, die aus der Viel-
zahl von Datenspeicherstrukturen basierend
auf einer mit jeder Transaktionsanfrage asso-
Ziierten Speicheradresse ausgewahlt werden,
und

Steuern eines Datentransfers zu einem DRAM
(Dynamic Random Access Memory) unter Ver-
wendung der Vielzahl von Datenspeicherstruk-
turen, wobei die Vielzahl von Datenspeicher-
strukturen gesammelt eine Organisation in Ent-
sprechung zu einer strukturellen Organisation
des DRAM aufweisen, wobei jede aus der Viel-
zahl von Datenspeicherstrukturen eine Ver-
knlpfte-Liste-Warteschlange ist, die in Entspre-
chung zu einem Rang, einer Bankgruppe und
einer Bankorganisation des DRAM organisiert
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ist, wobei jede Verknupfte-Liste-Warteschlange
einer aus einer Vielzahl von Banken des DRAM
entspricht,

Auswahlen (508) aus der Vielzahl von Daten-
speicherstrukturen basierend auf einer Se-
quenz, wobei die Sequenz auf einer Round-
Robin-Auswahl und/oder auf in den Datenspei-
cherstrukturen gespeicherten DRAM-Seiten-
trefferinformationen basiert, und

R&umen (510), zu dem DRAM, von gecachten
Daten von Positionen in einem Daten-Cache,
die durch die in den ausgewahlten Datenspei-
cherstrukturen gespeicherten Daten angege-
ben werden.

Verfahren (500) nach Anspruch 6, wobei die Ver-
knipfte-Liste-Warteschlange ein Datenfeld fiir einen
Rang, ein Datenfeld fur eine Bankgruppe und ein
Datenfeld fiir eine Bank in Entsprechung zu dem
DRAM aufweist.

Verfahren (500) nach Anspruch 6, wobei die Ver-
knlpfte-Liste-Warteschlangen durch Teilsatze orga-
nisiert sind, wobei jeder Teilsatz einem Rang des
DRAM entspricht.

Verfahren (500) nach Anspruch 6, wobei:

das Empfangen einer Vielzahl von Transak-
tionsanfragen das Empfangen einer Vielzahl
von DRAM-Schreibanfragen mit assoziierten
Speicheradressen aufweist, und

das Speichern von mit den Transaktionsanfra-
gen assoziierten Daten das Speichern von mit
der Vielzahl von DRAM-Schreibanfragen asso-
ziierten Cache-Adressinformationen in ent-
sprechenden ausgewahlten Datenspeicher-
strukturen, die basierend auf mit den DRAM-
Schreibanfragen assoziierten Bankadressen
ausgewahlt werden, aufweist.

Verfahren (500) nach Anspruch 6, wobei das Aus-
wahlen aus der Vielzahl von Datenspeicherstruktu-
ren das Auswahlen zwischen einem ersten Teilsatz
der Vielzahl von Datenspeicherstrukturen, der mit
einem ersten Rang des DRAM assoziiert ist, und
einem zweiten Teilsatz der Vielzahl von Datenspei-
cherstrukturen, der mit einem zweiten Rang des
DRAM assoziiert ist, aufweist.

Verfahren (500) nach Anspruch 6, wobei das
Steuern des Datentransfers zu dem DRAM das
wahlweise Ermdglichen eines Rdumens von ge-
cachten Daten basierend auf wenigstens einem
Schwellenwertpegel einer Cacheverunreinigung
aufweist.

Ein computerlesbares Medium flir das Steuern eines
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Daten-Cachings, das ein nicht-transitorisches, com-
puterlesbares Medium mit darauf in einer computer-
ausfiihrbaren Form gespeicherten Befehlen auf-
weist, die bei einer Ausfiihrung durch einen Prozes-
sor den Prozessor konfigurieren zum:

Empfangen einer Vielzahl von Transaktionsan-
fragen,

Speichern von mit den Transaktionsanfragen
assoziierten Daten in einer oder mehreren Da-
tenspeicherstrukturen, die aus der Vielzahl von
Datenspeicherstrukturen basierend auf einer
mit jeder Transaktionsanfrage assoziierten
Speicheradresse ausgewahlt werden, und
Steuern eines Datentransfers zu einem DRAM
(Dynamic Random Access Memory) unter Ver-
wendung der Vielzahl von Datenspeicherstruk-
turen, wobei jede aus der Vielzahl von Daten-
speicherstrukturen einer aus einer Vielzahl von
Banken des DRAM entspricht, wobei jede aus
der Vielzahl von Datenspeicherstrukturen eine
Verknlipfte-Liste-Warteschlange ist, die in Ent-
sprechung zu einem Rang, einer Bankgruppe
und einer Bankorganisation des DRAM organi-
siert ist, wobei jede Verknipfte-Liste-Warte-
schlange einer aus einer Vielzahl von Banken
des DRAM entspricht,

Auswahlen aus der Vielzahl von Datenspeicher-
strukturen basierend auf einer Sequenz, wobei
die Sequenz auf einer Round-Robin-Auswahl
und/oder auf in den Datenspeicherstrukturen
gespeicherten DRAM-Seitentrefferinformatio-
nen basiert, und

Raumen, zu dem DRAM, von gecachten Daten
von Positionen in einem Daten-Cache, die
durch die in den ausgewahlten Datenspeicher-
strukturen gespeicherten Daten angegeben
werden.

Computerlesbares Medium nach Anspruch 12, wo-
bei jede Verknupfte-Liste-Warteschlange ein Daten-
feld fir einen Rang, ein Datenfeld fiir eine Bank-
gruppe und ein Datenfeld fir eine Bank in Entspre-
chung zu dem DRAM aufweist.

Computerlesbares Medium nach Anspruch 12, wo-
bei die Verknlpfte-Liste-Warteschlangen durch Teil-
satze organisiert sind, wobei jeder Teilsatz einem
Rang des DRAM entspricht.

Revendications

1.

Systéme (100) de commande de mise en cache de
données, comprenant :

une pluralité de structures de stockage de don-
nées (102) ayant collectivement une organisa-
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tion correspondant a une organisation structu-
relle d'une mémoire vive dynamique, DRAM,
dans lequel chaque structure parmi la pluralité
de structures de stockage de données est une
file d’attente de liste chainée organisée d’'une
fagon correspondant a un rang, un groupe de
banques et une organisation de banques de la
DRAM, et chaque file d’attente de liste chainée
correspond a une banque parmi une pluralité de
banques de la DRAM ; et

un systéme de contrdleur de cache (104) confi-
guré pour :

recevoir une pluralité de requétes de trans-
action ;

stocker des données associées aux requé-
tes de transaction dans une ou plusieurs
structures de stockage de données sélec-
tionnées parmi la pluralité de structures de
stockage de données sur la base d’'une
adresse mémoire associée a chaque re-
quéte de transaction ; et

commander le transfert de données vers la
DRAM en utilisant la pluralité de structures
de stockage de données ;

sélectionner parmi la pluralité de structures
de stockage de données en fonction d’'une
séquence, dans lequel la séquence est ba-
sée sur au moins une parmi une sélection
circulaire et des informations de réussite de
page DRAM stockées dans les structures
de stockage de données ; et

éliminer les données mises en cache
DRAM hors d’emplacements du cache de
données indiqués par les données stoc-
kées dans les structures de stockage de
données sélectionnées.

Systéme (100) selon la revendication 1, dans lequel
les files d’attente de listes chainées sont organisées
par sous-ensembles, dans lequel chaque sous-en-
semble correspond a un rang de la DRAM.

Systéme (100) selon la revendication 1, dans lequel
le systétme de contréleur de cache est configuré
pour :

recevoir une pluralit¢ de requétes d'écriture
DRAM ayant des adresses mémoire associées ;
et

stocker des informations d’adresse de cache
associées a la pluralité de requétes d’écriture
DRAM dans des structures de stockage de
données sélectionnées correspondantes sélec-
tionnées sur la base d’adresses de banque as-
sociées aux requétes d’écriture DRAM.

4. Systéme (100) selon la revendication 1, dans lequel
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le systéeme de contrdleur de cache est configuré pour
sélectionner entre un premier sous-ensemble de la
pluralité de structures de stockage de données as-
sociées a un premier rang de la DRAM et un deu-
xieme sous-ensemble de la pluralité de structures de
stockage de données associées a un deuxiemerang
de la DRAM.

Systeme (100) selon la revendication 1, dans lequel
le systéme de contréleur de cache est configuré pour
permettre de facon sélective I'élimination de don-
nées mises en cache en fonction d’au moins un
niveau seuil de saleté du cache.

Procédé (500) de commande de la mise en cache de
données, comprenant :

la réception (502) d’une pluralité de requétes de
transaction ;

le stockage (504) de données associées aux
requétes de transaction dans une ou plusieurs
structures de stockage de données sélection-
nées parmila pluralité de structures de stockage
de données sur la base d’une adresse mémoire
associée a chaque requéte de transaction ; et
la commande d’'un transfert de données vers
une mémoire vive dynamique, DRAM, en utili-
sant la pluralité de structures de stockage de
données, dans lequel la pluralité de structures
de stockage de données présente collective-
ment une organisation correspondant a une
organisation structurelle de la DRAM, dans le-
quel chaque structure parmila pluralité de struc-
tures de stockage de données est une file d’at-
tente de liste chainée organisée d’'une fagon
correspondanta unrang, un groupe de banques
et une organisation de banques de la DRAM ; et
chaque file d’attente de liste chainée corres-
pond a une banque parmi une pluralité de ban-
ques de la DRAM ;

la sélection (508) parmila pluralité de structures
de stockage de données en fonction d’une sé-
quence, dans lequel la séquence est basée sur
au moins une parmi une sélection circulaire et
des informations de réussite de page DRAM
stockées dans les structures de stockage de
données ; et

I'élimination (510) des données mises en cache
DRAM hors d’emplacements du cache de don-
nées indiqués par les données stockées dans
les structures de stockage de données sélec-
tionnées.

Procédé (500) selon la revendication 6, dans lequel
une file d’attente de liste chainée a un champ de
données pour un rang, un champ de données pour
un groupe de banques et un champ de données pour
une banque correspondant a la DRAM.
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Procédé (500) selon la revendication 6, dans lequel
les files d’attente de listes chainées sont organisées
par sous-ensembles, dans lequel chaque sous-en-
semble correspond a un rang de la DRAM.

Procédé (500) selon la revendication 6, dans lequel :

la réception d’'une pluralité de requétes de trans-
action comprend la réception d’'une pluralité de
requétes d’écriture DRAM ayant des adresses
mémoire associées ; et

le stockage de données associées aux requétes
de transaction comprend le stockage d’informa-
tions d’adresse de cache associées ala pluralité
de requétes d’écriture DRAM dans des structu-
res de stockage de données sélectionnées cor-
respondantes sélectionnées sur la base d’'a-
dresses de banque associées aux requétes
d’écriture DRAM.

Procédé (500) selon la revendication 6, dans lequel
la sélection parmi la pluralité de structures de stoc-
kage de données comprend la sélection entre un
premier sous-ensemble de la pluralité de structures
de stockage de données associées a un premier
rang de la DRAM et un deuxiéme sous-ensemble
de la pluralité de structures de stockage de données
associées a un deuxiéme rang de la DRAM.

Procédé (500) selon la revendication 6, dans lequel
la commande du transfert de données vers la DRAM
comprend l'activation sélective de I'élimination des
données mises en cache en fonction d’au moins un
niveau seuil de saleté du cache.

Support lisible par ordinateur pour commander la
mise en cache de données, comprenant un support
lisible par ordinateur non transitoire sur lequel sont
stockées sous forme exécutable par ordinateur des
instructions qui, lorsqu’elles sont exécutées par un
processeur, configurent le processeur pour :

recevoir une pluralité de requétes de transac-
tion ;

stockerdes données associées aux requétes de
transaction dans une ou plusieurs structures de
stockage de données sélectionnées parmi la
pluralité de structures de stockage de données
sur la base d’une adresse mémoire associée a
chaque requéte de transaction ; et
commander un transfert de données vers une
mémoire vive dynamique, DRAM, en utilisant la
pluralité de structures de stockage de données,
chaque structure parmila pluralité de structures
de stockage de données correspondant a une
banque parmi une pluralité de banques de la
DRAM, dans lequel chaque structure parmi la
pluralité de structures de stockage de données
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est une file d’attente de liste chainée organisée
d’une fagon correspondant a un rang, un groupe

de banques et une organisation de banques de

la DRAM ; et chaque file d’attente de liste chai-

née correspond a une banque parmi une plura- 5
lité de banques de la DRAM ;

sélectionner parmi la pluralité de structures de
stockage de données en fonction d'une sé-
quence, dans lequel la séquence est basée

sur au moins une parmi une sélection circulaire 70
et des informations de réussite de page DRAM
stockées dans les structures de stockage de
données ; et

éliminer les données mises en cache DRAM
hors d’emplacements du cache de données 15
indiqués par les données stockées dans les
structures de stockage de données sélection-
nées.

13. Support lisible par ordinateur selon la revendication 20
12, dans lequel chaque file d’attente de liste chainée
a un champ de données pour un rang, un champ de
données pour un groupe de banques etun champ de
données pour une banque correspondant a la
DRAM. 25

14. Support lisible par ordinateur selon la revendication
12, dans lequel les files d’attente de listes chainées
sont organisées par sous-ensembles, dans lequel
chaque sous-ensemble correspond aunrangdela 30
DRAM.
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